Interferon (IFN) restricts a wide variety of viruses. To do so it elicits many antiviral pathways. For example, subclones of the same cell line with a reduced antiviral spectrum are thought to lack one or more antiviral pathways. Our line of L cells exhibits two distinct antiviral activities. The first delays the yield of both wild-type mengovirus (is +) and an IFN-sensitive mutant (/s-l). The second specifically inhibits is-1 virus yields 100-fold. From these cells, a subclone was isolated which had lost the second antiviral activity (i.e. in these cells is-1 virus acts like is + virus). To see whether other cardioviruses are sensitive to these activities, two additional strains [m-mengovirus and encephalomyocarditis-R (EMC-R) virus] were tested in our subclones. Like is + virus, m-mengovirus yields were delayed by IFN in both subclones; EMC-R virus behaved like is-1 virus in both cell lines. When actinomycin D was added at the time of infection, is-1 virus was phenotypically reversed to is + virus, but EMC-R virus was still inhibited. The 2-5A synthetase/ RNase L pathway is expressed in both clones. Therefore, at least three antiviral activities against cardioviruses can be distinguished in IFN-treated L cells, and two of them appear not to involve the 2-5A synthetase/RNase L pathway.
Introduction
Interferon (IFN) inhibits the growth of many RNA-and DNA-containing viruses (Stewart, 1979) . How well it inhibits a particular virus depends on the cell line and type of IFN. IFN stimulates the expression of many gene products. Among the few which have been specifically implicated in the inhibition of virus growth (Revel & Chebath, 1986; Samuel, 1991) are a protein kinase and the 2-5A synthetase/RNase L pathway (reviewed in Pestka & Langer, 1987) . Both pathways inhibit translation in vitro when they are activated by dsRNA, a by-product of many virus infections. Activated protein kinase phosphorylates itself and the eukaryotic initiation factor elF-2~. Activated 2-5A synthetase forms 2'-5' oligoadenylate residues which activate an ssRNAspecific endonuclease, RNase L.
Early studies correlated the expression of the 2-5A synthetase/RNase L pathway with the restriction of cardioviruses, a genus of picornavirus (Knight et al., 1980; Williams & Kerr, 1978; Wreschler et al., 1981) . The role of this pathway has been examined indirectly by isolating subclones of cells which can no longer restrict growth of encephalomyocarditis (EMC) virus or mengovirus after IFN treatment (Krause et al., 1985; Mittnacht & Jacobsen, 1987; Kumar et al., 1988; Lewis, 1988) . However, the results were not clear cut. Strong evidence that the pathway can restrict cardiovirus growth came from studies which conferred IFN-induced resistance to EMC virus (Rysiecki et al., 1989) or mengovirus (Chebath et al., 1987) by introducing a human 2-5A synthetase gene into previously nonresponsive cells. More recently Coccia et al. (1990) showed that constitutive expression of a cDNA encoding murine 2-5A synthetase in NIH 3T3 cells conferred resistance to EMC virus.
However, cardioviruses must be inhibited by more than the 2-5A synthetase pathway because in some cell lines IFN can inhibit one strain of cardiovirus, but not another. For example, although cardioviruses (EMC, mengo, Maus-Elberfeld, MM, and Columbia SK viruses) apparently belong to a single serotype and thus represent different isolates of the same virus (Rueckert, 1976) , IFN inhibited MM virus but not EMC virus in murine JLS-V9R cells (Czarniecki & Allen, 1984) . We have also demonstrated a difference in the IFN sensitivity of two strains of cardioviruses. Simon et al. (1976) isolated an apparent single-step IFN-sensitive mutant of mengovirus (is-l) from the original is + virus strain. Is-1 virus growth is inhibited 100-to 1000-fold more efficiently in our L cell subclone, G3, than is is + virus (Fout & Simon, 1983) . From G3 cells, Sakuragi & Simon (1988) isolated a subclone of L cells (TA6) which no longer restricted is-1 virus growth. Both G3 and TA6 expressed a functional 2-5A synthetase/RNase L pathway (Sakuragi & Simon, 1988) . In addition, if actinomycin D is added at the time of infection (24h after IFN addition), is-1 virus is phenotypically reverted to is + (Fout & Simon, 1983) . Since the development of the antiviral state is ordinarily susceptible to actinomycin D only within the first 4 to 6 h after IFN treatment (Stewart, 1979) , the antiviral activity that inhibits is-1 virus represents a hitherto unrecognized phenomenon.
To test the sensitivity of other cardioviruses to this novel activity, we infected G3 and TA6 cells with two additional strains: m-mengovirus and EMC-R virus. Like is + virus, m-mengovirus growth was delayed in both G3 and TA6 cells. EMC-R virus like is-1 virus, was hypersensitive to IFN in G3 ceils but not in TA6. However, actinomycin D reversed the inhibition of is-1 virus only; the IFN-mediated activity that inhibits is-1 virus is distinct from that which inhibits EMC-R virus.
Methods
Cells. Monolayer cultures of L929 cells were grown in Eagle's essential growth medium (Hazleton Research Products) supplemented with 500 units/ml penicillin, 0-5 mg/ml streptomycin, 10% newborn calf serum and either 50 p.g/ml gentamicin or 100 lag/ml kanamycin. G3 cells were subcloned from the original L929 culture received from Dow. TA6 cells were selected for their inability to inhibit is-1 after IFN treatment (Sakuragi & Simon, 1988) .
1FN
, viruses andplaque assay. The mixture of mouse ct/fl IFN used in this study was obtained from Dr W. R. Fleischmann (University of Texas, Galveston, Tx., U.S.A.) and stored at -70 °C. Virus and IFN were assayed as previously described (Fleischmann & Simon, 1973) . Mengovirus (is +) was obtained from Dr Richard Franklin and selected for stability at 37 °C (Fleischmann & Simon, 1973) . The IFN response mutant, is-1 virus, was selected for increased sensitivity to low concentrations of IFN (Simon et al., 1976) . Two additional strains of cardioviruses, m-mengovirus and EMC-R virus, were obtained from Dr Anne Palmenberg (University of Wisconsin, Madison, Wis., U.S.A.). Virus was assayed as previously described (Fleischmann and Simon, 1973) .
One-step growth experiments. Ceils (8 × 105) were added to 35 mm plastic dishes in the presence or absence of 10 units/ml of IFN. After 18 to 24 h at 37 °C, the medium was removed and the cells were infected with mengovirus at an m.o.i, of 5. For mixed infections, cells were infected with an m.o.i, of 5 for each virus. After 1 h adsorption at room temperature, the plates were washed twice with PBS, 2 ml growth medium was added, and the plates were incubated at 37 °C. At the times indicated in the text, 10 l-tl samples were removed, diluted in 1.0 ml of growth medium and stored at -70 °C until titration by the standard plaque assay. Stock solutions of actinomycin D were stored at 4°C.
Inactivation at pH 2. Virus stocks were diluted 10-fold into 0-05 M-KC1 pH 2.0 and incubated at 4 °C. After 5 h, 0.2 ml samples were neutralized with 0-4 ml of phosphate buffer (0.137 M-NaCI, 0.003 M-KCI, 0.008 M-NazHPO,, 0.0015 M-KHzPO4 adjusted to pH 11.1 with 1 M-NaOH) on ice. As a control, virus stocks were incubated in 0-05 M-KC1 at pH 7 for 5 h at 4 °C, then diluted threefold with phosphate buffer at pH 7-2.
Cytopathic effect assay oflFN. Each IFN stock was diluted twofold in growth medium along four rows of a 98-well microtitre tray. G3 cells (2 × 10 ~) were then added. IFN of known concentration was assayed as a control. After 24 h at 37 °C, 200 p.f.u, of is + virus was added per well. The percentage of dead cells was recorded at 24 h post-infection. The titre was defined as the reciprocal of the dilution that protected 20 to 80% of the cells. One unit is approximately equivalent to 2 mouse reference (G-002-904-511) IFN units. Endpoints were generally sharp.
1FN induction by cardiovirus. G3 cells (10 6) were seeded onto 35 mm plates with or without 10 units/ml of IFN for 24 h. Medium was removed, the cells were washed once with PBS and infected with one of the four cardioviruses at an m.o.i, of 5. Fresh medium was immediately added to each plate and the cells were incubated at 37 °C. Cytopathic effect was recorded at 24, 36 and 48 h post-infection. Samples of 0.5 ml were collected at 24 and 48 h post-infection. Virus was inactivated by u.v. irradiation (10 cm, General Electric, G15TS, 15 W, germicidal u.v. lamp) for 20 min. Samples were titrated as described above.
Results

Growth kinetics of cardioviruses on subclone G3
All four viruses grew to a similar extent in the absence of IFN (Fig. 1, Table 1 a) . In the presence of IFN, the growth of is-1 and EMC viruses (Fig. 1 a, c) was greatly reduced. The increase in is-1 virus yield between 24 h and 36 h post-infection was anomalous as it usually reached its peak at 12 h post-infection. The growth of Mmengovirus was similar to that of is + virus in that it increased continually after infection, but was (Fig. I b) consistently more sensitive to IFN than was is + virus.
Growth kinetics of cardioviruses on subclone TA6
The inhibition of cardiovirus growth by IFN was greatly reduced on TA6 cells (Table 1 b ). Both EMC-R and is-1 viruses grew about 200-fold better on IFN-treated TA6 cells than on G3. Wild-type is + virus and m-mengovirus grew to about the same extent on TA6 and G3 cells.
Effect of actinomycin D on IFN-mediated inhibition of is-/and EMC-R virus growth on G3 cells
IFN inhibited the growth of EMC-R virus on G3 cells whether or not 2 ~tg/ml actinomycin D was added at the time of infection (Table 1) . As expected, actinomycin D reversed the inhibition of is-1 virus growth in IFNtreated G3 cells (Simon et al., 1976) . In no case did actinomycin D inhibit the yield of virus in G3 cells in the absence of IFN (data not shown). However, it did inhibit the growth of is + virus and m-mengovirus when the cells were treated with IFN. Previous investigations with is + virus did not show this phenomenon (Simon et al., 1976) . Lower levels of actinomycin D resulted in improved is + virus yields while still reversing the inhibition of is-1 virus growth. absence of a suitable assay, the relative proportion of each virus produced on co-infection was not determined.
IP
pH inactivation of the cardioviruses
The IFN sensitivity of is-1 virus correlates with instability of this virus at pH 2 (Bakich et al., 1990) . EMC-R virus was also found to be relatively unstable at low pH, whereas is + virus and m-mengovirus were not (Table 3) .
Yields from co-infected G3 cells
G3 ceils were co-infected to test whether two cardioviruses sensitive to different antiviral activities would complement each other. The overall yields from cells infected with is + and one of the other viruses were within 10~o of is + virus levels (Table 2) . Cells co-infected with any combination of is-l, EMC-R virus and m-mengovirus did not show evidence of complementation. In the
IFN induction by the cardioviruses
Since some viruses are better inducers of IFN than others, we measured the amount of IFN induced in G3 cells infected by each cardiovirus (see Methods). Only is-1 virus induced IFN (16 units/ml at 24 h, none at 48 h) in untreated G3 cells (data not shown). EMC-R virus and m-mengovirus induced a small amount of IFN (4 units/ml) when grown on IFN-treated G3 ceils.
Discussion
Many investigators have suggested that EMC virus growth is restricted by the 2-5A synthetase/RNase L pathway in cells treated with IFN. Early studies showed that in IFN-treated cells infected with the virus 2-5A accumulated (Knight et al., 1980; Williams & Kerr, 1978) and active RNase L could be detected (Wreschler et al., t981) . In addition, IFN treatment did not inhibit EMC virus growth in cell lines which lacked a functional 2-5A synthetase/RNase L pathway (Jacobsen et al., 1983; Sen & Hertz, 1983; Whatling et al., 1985) . Stronger support came from the studies that conferred resistance to EMC virus or mengovirus by transfecting and constitutively expressing the 40K isoenzyme of human 2-5A synthetase in CHO cells (Chebath et al., 1987) or the 43K form of murine 2-5A synthetase in NIH 3T3 ceils (Coccia et al., 1990) . However, the level of RNase L activity was not measured in either study. Lewis (1988) did measure RNase levels in LTK-cells and found no correlation between restriction of mengovirus growth and RNase L levels. Although Kumar et al. (1988) correlated the expression of RNase L with the restriction of EMC virus replication by IFN, no such correlation was found in subclones of NIH 3T3 cells (Krause et al., 1985; Mittnacht & Jacobsen, 1987) . Therefore, "IFN must elicit other antiviral activities against cardioviruses in addition to the 2-5A synthetase/RNase L pathway. Indeed, Czarniecki & Allen (1984) reported that MM virus, but not EMC virus, was restricted by IFN in the growth of murine JLS-V9R cells. Similarly, our laboratory has demonstrated that the is + strain of mengovirus was delayed in IFN-treated cells but that the final yield was similar to that in control cells. In contrast the is-1 virus yield was less than 1 ~ of control values but was not delayed (Simon et al., 1976) . To understand further the antiviral activities expressed in our subclones of L cells, we tested the IFN sensitivity of two additional cardiovirus strains. The yields of m-mengovirus on G3 cells treated with IFN were not only delayed but reached just 10~ of control titres. We conclude that the same antiviral activity inhibits both is + and m-mengovirus, although to different degrees.
EMC-R and is-1 viruses shared many properties. Both grew very poorly on IFN-treated G3 cells, and both replicated similarly to is + virus on treated TA6 cells. However, when actinomycin D was added at the time of infection, is-1 grew well on treated G3 cells whereas EMC-R remained inhibited (Table 1 b) . Since TA6 and G3 have the same level of activated RNase L (Sakuragi & Simon, 1988 ) the antiviral activities that restrict is-1 and EMC-R viruses do not appear to involve the 2-5A synthetase/RNase L pathway.
Co-infection of protected monolayers with is + virus and one of the other three viruses resulted in yields which generally reached to within 50~ of control titres (Table  2) . This yield may represent independent growth of is + or rescue of the more IFN-sensitive virus. In is + x is-1 coinfected cells, rescue occurs (Simon et al., 1976) . Since there is no suitable assay to distinguish among is + virus, EMC-R virus and m-mengovirus, their rescue remains to be determined. The more critical observation, however, is that is-I, m-mengo and EMC-R viruses did not complement each other. Although this suggests that the same protein is involved in their sensitivity to IFN, it may simply reflect the generally poor efficiency of complementation among animal viruses.
Both is-1 and EMC viruses are very sensitive to low pH (Table 3) . King & Simon (unpublished) have shown that an is + structural protein can rescue is-1 virus when grown in IFN-protected G3 cells. This again suggests that EMC-R and is-1 viruses may be defective in the same protein. However, the actinomycin D results ( Table I b) suggest that something more subtle is involved. The fact that is-1 but not EMC-R virus induces IFN also suggests a basic difference in the mechanism of IFN sensitivity of the two strains of cardioviruses.
Thus, although a number of studies have suggested the 2-5A synthetase/RNase L pathway mediates the effects of IFN on cardioviruses (e.g. EMC virus or mengovirus), other studies have indicated that unrelated antiviral activities must also be expressed which restrict cardioviruses. This study demonstrates an additional anticardiovirus activity which acts against EMC-R virus independent of the 2-5A synthetase/RNase L pathway. Presumably, IFN elicits multiple antiviral pathways against particular virus families. Many of these pathways will probably be quite virus-specific and their expression cell line-dependent.
